In this work, we report a theoretical coupled study of the structural and phonons properties of bundled single-and double-walled carbon nanotubes (DWNTs), under hydrostatic compression.
I. INTRODUCTION
Carbon nanotubes are fundamental materials for developing nanoeletromechanical systems because they present a unique combination of outstading electronic and mechanical properties. Cross-sectional deformations of single-wall carbon nanotubes (SWNTs) under pressure have been extensively studied by means of experimental tools 1-5 and theoretical models. [6] [7] [8] [9] [10] [11] [12] On the other hand, the behavior of double-wall carbon nanotubes (DWNTs) under pressure has been considerably less studied [13] [14] [15] [16] . DWNTs may be better candidate materials than SWNTs for the engineering of nanotube-based composite materials because of their geometry, in which the outer tube ensures the chemical coupling with the matrix and the inner tube acts as mechanical support for the whole system 17 .
Some theoretical studies have been performed to study the pressure dependence of the cross-sectional shape of SWNT, depending on the chirality and diameter. By starting from an almost perfect circular cross section, the cross-sectional shape of the nanotube becomes oval or polygonized as the pressure is increased, evolving later to a collapsed state with a peanut shape. 11, [18] [19] [20] [21] Based on elasticity theory, Sluiter et al. have proposed a diameterdependent phase diagram for the cross-sectional shape of SWNTs under pressure. 22 Some authors reported that the radial deformation of SWNTs for diameters smaller than 2.5nm
is reversible from the collapsed state while the deformation of larger diameter tubes could be irreversible and the collapsed state is metastable or even absolutely stable without pressure application. 11, 22 Many experimental studies have suggested that phase transition in nanotubes could be dependent on their metallic character or on the surrounding chemical environment used for transmitting the pressure. DWNTs each, with lateral lattice constants a x and a y = √ 3a x (the a y /a x ratio is kept fixed).
The lattice constant along the z axis, (a z ), is chosen to contain 5 (8) unit cells of the zigzag (armchair) tubes.
We perform a sequence of small and controllable steps of unit cell volume reduction for each fixed nanotube phase studied (circular, polygonized, oval, peanut,etc.). Each step is of the order of ∆V /V 0 = -0.01% , where V 0 is the ambient pressure volume for each nanotube system in circular phase. For each fixed volume V , we search for the atomic positions and lattice constants a x and a z that minimize the internal energy U(V ). The pressure is obtained by p = −∆U/∆V and the enthalpy is H = U + pV .
Phonon frequencies and eigenvectors are directly obtained by the diagonalization of the force constant matrix. The matrix elements are calculated by using finite difference techniques. We focus our vibrational analysis on the radial breathing mode (RBM) and longitudinal G-band (denoted G z ), whose displacements are along the tube axis. Therefore, RBM and G z projected density of states (PDOS) are constructed by projecting the phonon eigenvectors onto the corresponding radial and axial (with opposite phases for atoms in different sub-lattices) displacement fields, respectively.
III. SWNTS AND DWNTS UNDER PRESSURE: STRUCTURAL AND VIBRA-TIONAL PROPERTIES
A. Nanotube Collapse
We start by studying the low-pressure behavior of SWNT bundles, considering four basic cross-sectional shapes namely: circular, oval, polygonal (hexagonal) and peanut-like. Tubes of different diameters exhibit a different sequence of cross-sectional shapes as a function of pressure 11 . In particular, the polygonal or hexagonal phase is typical of bundled tubes and it is often obtained in calculations for large diameter nanotubes since plane-parallel facing between adjacent tubes tends to decrease the van der Walls interaction energy [33] [34] [35] . Fig As expected, the critical pressures are strongly diameter-dependent 11, 18, 20, 27, 36, 37 . Actu- law when the inner tube is used, which means that p c for DWNTs is the same as expected for SWNT inner tube 28 . In such way, our results agrees in the fact that the inner tube ovalization determines the critical pressure for collapsing of DWNTs. However, there is a clear pressure screening effect from the outer tube in the behavior of the inner tube because the critical pressure for the expected circular-oval transition for inner tube was increased to 5.7 ± 0.2 GPa when it was encapsulated in the DWNT. This value is considerably higher than that observed for the (10,0) SWNT bundle, which was 1.55 GPa.
Second, the full collapsing of the inner tube (oval-peanut transition) is continuous in the DWNT case, differently from the SWNT case, in which there is a discontinuous change in the volume (around 9.6 GPa). For the DWNT case, this transition is marked by a change in compressibility (which is proportional to the slope of the p − V plot) at around 10 GPa, clearly seen from Fig.2 . We found a similar behavior for (12,0)@(20,0) DWNT bundle, where the transition B → D is predicted to occur at 5.5 ± 0.1 GPa and change in bulk modulus takes places around 5.9 GPa close to that value expected for (12,0) SWNT (5.4 GPa).
B. Phonon Density of States evolution under pressure
FIG. 3. Phonon density of states (DOS) projected in RBM (a) and tangential (b) probing vectors
for (18,0) SWNT. Some snapshots of the bundle structure evolution can be followed in (c). From the figure, we can follow the RBM and G z evolutions as pressure is increased, and the corresponding snapshots of the bundle structural evolution are shown in the right panels.
First, we observe the RBM mode of (18,0) SWNT in the low frequency region centered at around 150 cm −1 in the circular phase (0.0 GPa), which gradually shifts to higher frequencies as the pressure is increased. The pressure coefficient of this mode is 7.0 ± 2.5 cm −1 /GPa, in good agreement with experiments 2,24,39 . After collapse, the contributions to the radial mode spread in the low frequency region, which is equivalent to say that the RBM is not a single, well-defined mode any longer in good correspondance with the experimental difficulty to observe RBM after the some suggested pressure phase transitions.
2,3,27,40-42
The G z band behavior is shown in the right panel. We clearly observe the splitting of this mode when polygonization takes place. After collapse, we clearly see a sudden jump to lower frequencies and intensity enhancement of the lower-frequency contribution, while the higherfrequency one continues to upshift. We studied several SWNTs bundles and similar results could be still performed. It is interesting to note that pressure screening effects are also observed in tangential components as we can see that the outer tube G z components shift faster than the inner ones. As observed for SWNTs, the transition of the outer tube to a polygonized phase at 0.85 GPa is clearly marked by a splitting of the G z band. After colapse, the PDOS spreads over a large frequency range for radial and tangential contributions but it is possible to see that the lowest frequency components of G z are sudden shifted to lower frequencies, as in the case of SWNTs bundles.
FIG. 4. Phonon density of states (DOS) projected in RBM (a) and tangential (b) probing vectors
for (10,0)@(18,0) DWNT. Some snapshots of bundle evolution can be followed in (c).
In Fig. 5 , we plot the z-displacement i.e., along the tube axis direction, of some eigenvectors as a function of the coordinate angle θ defined from the center of (18,0) tube. First, we have identified the A 1g mode centered around 1721.4 cm −1 for the structure at -1.0 GPa (Fig. 5a ). This is the mode which mainly contributes to v-PDOS as we can see in Fig. 5b. As the pressure is increased up to 1.4 GPa, the (18,0) cross section is poligonized as we observe a split of G z PDOS contribution. Analysis of the phonon displacements (Fig. 5a) shows that the higher frequency component is mainly due to modes which are localized on the high-curvature regions (vertices of the hexagons). Modes centered at 1771.3, 1780.7 and 1786.1 cm −1 have the same symmetry and the their maximums of displacement are localized for θ equal to ±30
• , ±90
• and ±150
• which are the vertices of polygonized shape. After the collapse of (18,0) SWNT bundle, we have calculated phonon eigenvectors for collapsed structure at 2.2 GPa. In Fig. 5a , we show modes centered at 1800.6, 1803.2 and 1815.4 cm −1 which mainly contribute to higher-frequency peak in PDOS. Then, we clearly see that high-frequency contribution in PDOS at 2.2 GPa come from modes that are localized in the high-curved regions of the peanut-shaped tube. (θ ∼ ±180
• and θ ∼ ±0
• ). Consequently, the low-frequency and more intense peak of PDOS is due to vibration modes which are localized in the flat regions of the peanut-shaped structure.
From an experimental point of view, it has been recently proposed that a saturation or even a negative pressure slope of Raman G + component for SWNT and DWNT could be associated to the collapse of the nanotubes 5,17,39 . Futhermore, after the collapse this band follows the graphite pressure evolution as observed in Fig. 6 . with a smaller pressure coefficient 17, 47 . This was also observed in PDOS of SWNT bundle calculations (cf. Fig   3b) . Our calculations confirm this hypothesis and identifies the atomistic origin of the lowfrequency bands. Collapsing of the nanotube cross-section leads to flattened regions where the reduced stress in C-C tangential bonds reduce the G z frequency. However, as we observe in our calculations, a small high-frequency component of G z component, arising from the high-curvature regions, remains after the collapse. Since the flattened portion of the tubes is much higher than curved portion, we expect that the low-frequency shift of the G band is dominant in the experiments. The experimentaly red-shift observed of the G-band is then explained from our calculations as related to the dominance of the flat region of the collapse phase in the Raman signal. This is in addition perfectly coherent with the fact in the collapsed state the pressure evolution of the G-band clearly matches (see Fig. 6 ) the one of graphite or graphene under triaxial compression 47, 48 . 
IV. CONCLUSIONS
We studied high-pressure structural modifications and phonon-mode shifts of single and double wall carbon nanotubes bundles using zero-temperature enthalpy minimization with classical interatomic potentials. We confirmed that the structural transformation of SWNTs in bundles from circular to collapsed cross-section under hydrostatic pressure is strongly diameter-dependent. It is also evident that the transition from polygonized to collapsed cross section for large diameter tubes has a first-order character with a large bundle volume discontinuity whereas for small diameters the transition is continuous, with intermediate oval Moreover, this provides a coherent explanation of the lower pressure slope (∼ 4cm −1 /GPa) of the G-band observed after nanotubes collapse. Consequently, the pressure slope could be a useful means for the identification of the geometry shape state of SWNT and DWNTs.
